Introduction
Phase modulation with a sawtooth waveform produces so-called serrodyne frequency shifting of optical signals 1 . It can be used for optical gyroscopes, spectroscopy, coherent optical communication systems and other applications. Creating and amplifying electrical high speed sawtooth is generally difficult due to its broadband spectrum consisting of many harmonic components. The generation of picosecond sawtooth optical pulses has been experimentally demonstrated by spectral modulation of dispersed optical pulses 1 , and also using superstructured fibre Bragg grating technology 2 . In the field of passive optical networks (PONs), a slight wavelength shifting (WS) can help at mitigating the effects of backreflections when using only one fibre and wavelength for both upstream and downstream transmissions 3 . In previous work, the optical carrier frequency translation is obtained by introducing the sawtooth signal into an e/o phase modulator 1 or by adding a link of highly non linear optical fiber 2 . In this experiment, the own phase modulation created by the RSOA's transient chirp produces the translation.
The idea is to shift the wavelength some GHz in order to avoid or reduce the overlap between the signals, while maintaining the optical carrier inside the same WDM channel. The increasing demand for bandwidth and scalability in PONs at limited extra cost imposes the use of currently available cost efficient technologies. In this paper, a new method to obtain a sawtooth signal by applying an electrical rectangular signal with low duty cycle to a reflective semiconductor optical amplifier (RSOA) is presented for the first time to our knowledge. Furthermore, experimental validation of the increased tolerance to the Rayleigh Backscattering (RB) crosstalk is introduced while maintaining the colourlessness of the network, using an electroabsorption modulator (EAM) plus RSOA configuration.
. 
Sawtooth signal generation
The input signal for the RSOA is generated with a pattern generator with the periodic word "10001000" at a bit rate of 10Gbps, and amplified by a RF electrical amplifier whose bandwidth (BW) is 10GHz. This signal, together with a DC bias of 130 mA is applied through a bias-T into the RSOA. The optical input power into the RSOA has to be high enough to enter in partial saturation. The RSOA transparency current is 30mA. The best results have been obtained with an optical power higher than -10dBm. Figure 1 shows the intensity modulated optical output signal in time domain where it can be seen that the sawtooth signal presents a 90% rise time of 70 ps. Figure 2a presents a comparative of the spectrum with and without applying the sawtooth modulation to the RSOA, measured with an Optical Spectrum Analyzer (OSA) with 0.01nm resolution. The wavelength shifting can be observed, with around 8 dB of carrier suppression, but also an increment in its linewidth. Figure 2b shows the the RSOA's e/o response, with a BW of 1GHz, and with a continuous roll-off till 10GHz
RB mitigation, experimental set-up
In order to proof the concept, and separate the different effects contribution, the ONU mainly consists of an RSOA plus an EAM, for wavelength shifting and data modulation respectively. An alternative implementation with an integrated REAM-SOA chip would be more efficient for cost and space savings. The experimental set-up is presented in Figure 3 . A CW signal at 1535 nm is introduced from the OLT. The laser optical power is fixed to 3 dBm to avoid non-linear effects in the fibre. Between the OLT and the ONU there is a bidirectional link consisting of standard SMF-28 fibre, without dispersion compensation. At the ONU, the CW signal arrives first to the RSOA through two circulators. The optical sawtooth signal generated by the RSOA enters into the EAM, which is used to modulate the upstream data.
The utilized EAM presents around 15 dB of insertion loss, and -27 dB of return loss; in order to separate the effects of reflections and RB, it has been isolated from RSOA by using circulators and angled connectors.
A 2.5Gbps NRZ data stream with PRBS of 2 7 -1 is introduced into the EAM modulator. This data is combined with the optical signal coming from the RSOA.
In order to create the WS, the input current of the RSOA produces a signal with high extinction ratio. This can be a problem for the EAM data modulation because the sawtooth signal can appear as noise in the ones, remaining small eye opening for the data. To overcome this issue, both data generators are synchronized and adjusted in delay, as shown in Figure 4 .
An EDFA has been introduced in the ONU in order to take complete BER-power curves for all the cases.
When the modulation in the RSOA is not used, the current of EAM and RSOA have been optimized again. At the OLT, the receiver consist of an optical band pass filter with a BW of 0.22 nm and an APD whose BW is 10 GHz.
RB mitigation, experimental results
The system performance has been evaluated for back to back (BTB), 10.3km and 26.3 km in terms of bit error ratio (BER) versus optical power in the port 3 of the OLT circulator.
As the power is changed in the ONU, this received optical power is directly related to the optical signal to RB crosstalk ratio (OSRBR). The measured RB power is -29.1 dBm for the fibre of length equal to 26.3 km and -30. Without doing WS, the penalty due to RB effects is 8dB for 26.3 km for a BER of 10 -9 and around 6.5dB for 10.3 km, which is translated into a requirement of OSRBR of 14.1dB and 13.7dB respectively.
The created WS allows reducing the penalty due to RB by itself, although the highest improvement comes when the OLT optical filter filters out part of the RB component. In real networks this could be performed using the periodicity of an array wave grating (AWG) where all the upstream wavelengths come slightly detuned from the channel maximum transmission point.
With the filter in its central position, the system improves around 1.3dB for 26.3km and 1 dB for 10.3 km, thus requiring an OSRBR of 12.8dB and 12.7dB respectively.
With the filter detuned around 0.2nm, the WS is able to require 5.3dB and 5.1dB less power for 26.3km and 10.3km respectively, to achieve a BER of 10 -9
, as compared to the case of no WS. It means an OSRBR of only 8.8dB and 8.6dB for 26.3km and 10.3 km respectively.
The electrical eye diagrams after APD receiver, for a length of 26.3 km and an optical power of -20dB, are presented in Figure 6 . The eyes on the left side have been taken with the filter in the central position and the ones on the right for the filter detuned 0.2nm. In the bottom ones the WS was activated and the upper ones are for the no WS case.
In the detuned case with WS, it can be observed that although the crossing point is not centred due to the sawtooth signal shape of the transmitter, the eye is open and clear, while if the filter is centred some spots appear in the eye. When the WS is not used, the crosstalk due to RB is too high. Figure 7 shows the spectrum at the OLT receiver with the filter in its central position and detuned 0.2nm.
Conclusions
This work presents a procedure to achieve an optical sawtooth signal at a bit rate of 2.5Gbps by using only digital signal consisting of a low duty cycle rectangular signal as an input for a RSOA with a BW of 1GHz. This produces a 2.5GHz shifting of a CW carrier because of phase modulation produced in the same RSOA due to its transient chirp. This effect can be used to partially mitigate the penalty of RB in PONs with ONUs presenting small amplification like SOA-REAM configurations. An experiment has been performed taking an RSOA and an EAM for the proof-of-concept. More than 5 dB of improvement have been obtained with 26.3 Km, requiring less than 9 dB of OSRBR to get a BER of 10 
